Although rising CO2 concentrations are thought to promote the growth and alter the 2 carbon:nutrient stoichiometry of primary producers, several studies have reported conflicting 3 results. To reconcile these contrasting results, we tested the following hypotheses: rising CO2 4 levels (1) will increase phytoplankton biomass more at high nutrient loads than at low 5 nutrient loads, but (2) will increase their carbon:nutrient stoichiometry more at low than at 6 high nutrient loads. We formulated a mathematical model to predict dynamic changes in 7 phytoplankton population density, elemental stoichiometry and inorganic carbon chemistry in 8 response to rising CO2. The model was tested in chemostat experiments with the freshwater 9 cyanobacterium Microcystis aeruginosa. The model predictions and experimental results 10 confirmed the hypotheses. Our findings provide a novel theoretical framework to understand 11 and predict effects of rising CO2 concentrations on primary producers and their nutritional 12 quality as food for herbivores under different nutrient conditions. 13 14 3 Introduction 1
where (QC,QN) is the specific growth rate of the phytoplankton as function of its carbon and 10 nitrogen content, D is the dilution rate, uCO2, uHCO3 and uN are the uptake rates of CO2, 11 bicarbonate and nitrogen, respectively, and r is the respiration rate. 12
The specific growth rate increases with the carbon and nitrogen content of the 13 phytoplankton, and depends on which of these two elements is most limiting for growth: 14 where µMAX, is the maximum specific growth rate, min […] is the minimum function, QC, MIN 16 and QN,MIN are the minimum cellular carbon and nitrogen content required for a cell to 17 function, and QC,MAX and QN,MAX are the maximum carbon and nitrogen content of the cells. 18 We assume that uptake rates of CO2, bicarbonate and nitrogen are increasing but 19 saturating functions of the ambient concentrations of these resources described by Menten kinetics, and are suppressed when phytoplankton cells become satiated (Morel 1987) . 21 photosynthesis, which depend on light availability. We assume that the respiration rate 1 increases with the cellular carbon content, approaching maximum values when cells become 2 satiated with carbon (Visser et al. 1997) . The mathematical equations describing these 3 relationships are presented in Appendix S1. 4 5
Dissolved inorganic carbon 6
On the timescales used in our model (ranging from minutes to days) the relative availability 7 of CO2 and bicarbonate is essentially in equilibrium with pH, while the dissolved CO2 8 concentration is usually not in equilibrium with the atmosphere. Therefore, let [DIC] denote 9 the total concentration of dissolved inorganic carbon. Changes in [DIC] can be described by: 10
The first term on the right-hand side of Eqn (5) exchange of CO2 gas with the atmosphere, where gCO2 is the CO2 14 flux across the air-water interface and division by the water-column depth zMAX converts the 15 CO2 flux per unit surface area into a volumetric CO2 change. The third term describes how 16 the DIC concentration increases through respiration (r) and decreases through uptake of CO2 17 (uCO2) and bicarbonate (uHCO3) by phytoplankton. 18 We assume that the CO2 gas exchange (gCO2) between air and water is proportional to 19 the concentration gradient across the air-water interface, which can be quantified as the 20 difference between dissolved CO2 in equilibrium with the gas pressure ( Uptake of CO2 and bicarbonate not only depletes the DIC pool but also increases pH, 4 which in turn affects the relative availability of the different forms of inorganic carbon 5 (Stumm & Morgan 1996) . CO2, bicarbonate and carbonate concentrations were calculated 6 from pH by numerical solution of the underlying chemical reactions, taking into account 7 dynamic changes in total DIC and alkalinity due to carbon and nutrient assimilation by the 8 growing phytoplankton population (see Appendix S1 for details). 
The nitrogen concentration in the influx ([DIN]IN) will be called the 'nitrogen load'. 15
Because carbon and nitrogen assimilation depend on light availability, the model also 16 tracks changes in the underwater light environment. Let I(z) denote the light intensity at depth 17 z. According to Lambert-Beer's law, 18
where IIN is the incident light intensity at the water surface, KBG is the background turbidity, (Table S1 ). The chemostats had a dilution rate of D = 0.011 h -1 , were maintained at a 15 temperature of 21 ºC, and were sampled every other day. 16 Next, we studied the steady states of twelve chemostats of Microcystis HUB5-2-4. 17
The chemostats were provided with either a low (0.4 mmol L -1 NaNO3 -) or high (12.0 mmol 18 L -1 NaNO3 -) nitrogen concentration in the mineral medium, and a range of different pCO2 19 concentrations (0.5, 50, 100, 400, 800, 2800 ppm) in the gas flow (Table S1 ). The chemostats 20 had a dilution rate of D = 0.00625 h -1 and were maintained at a temperature of 24 ºC. The 21 steady states were sampled every other day and monitored for at least ten days. Concentrations of dissolved CO2, bicarbonate and carbonate were calculated from DIC and 10 pH (Stumm & Morgan 1996) , based on the dissociation constants of inorganic carbon 11 corrected for temperature and salinity (Table S2) . Alkalinity was determined in a 50 mL 12 sample that was titrated in 0.1 to 1 mL steps with 10 mmol L -1 HCl to a pH of 3.0. The 13 alkalinity was subsequently calculated using Gran plots (Stumm & Morgan 1996) . 14 Residual nitrate and phosphate concentrations in the chemostats were determined in 15 triplicate by sampling 15 mL of culture suspension, which was immediately filtered over 0.45 16 m membrane filters (Whatman, Maidstone, UK) and the filtrate was stored at -20°C. Nitrate 17 concentrations were analyzed using a Skalar SA 400 autoanalyzer (Skalar Analytical B.V., 18
Breda, The Netherlands), and phosphate concentrations were analyzed 19 spectrophotometrically (Murphy & Riley 1962) . 20
Phytoplankton population density, both as cell numbers and total biovolume, was 21 determined in triplicate using a Casy 1 TTC cell counter with a 60 µm capillary (Schärfe 22 System GmbH, Reutlingen, Germany). Cell size varied considerably during the experiments, 23 ranging from 31-66 μm 3 cell -1 for Microcystis CYA140 and from 21-74 μm 3 cell -1 for 24
Microcystis HUB5-2-4. We therefore used the total biovolume (i.e. the summed volume of all 1 cells per litre of water) as a measure of phytoplankton population density. 2
Samples for cellular carbon, nitrogen, phosphorus and sulfur content were pressurized 3 at 10 bar to collapse the gas vesicles of Microcystis and subsequently centrifuged for 15 min 4 at 2,000 g. After discarding the supernatant, the pellet was resuspended in demineralised 5 water, and centrifuged for 5 min at 15,000 g. The supernatant was discarded, pellets were 6 stored at -20ºC and subsequently freeze-dried and weighted to determine dry weight. The 7 carbon, nitrogen and sulfur content of homogenised freeze-dried cell powder were analysed 8 using a Vario EL Elemental Analyzer (Elementar Analysensysteme GmbH, Hanau, 9
Germany). To determine the phosphorus content, cells were oxidized with potassium 10 persulfate for 1 h at 100ºC (Wetzel & Likens 2000) , and phosphate concentrations were 11 subsequently analyzed spectrophotometrically (Murphy & Riley 1962) . 12
13

Parameter estimation 14
System parameters such as incident light intensity, composition of the mineral medium, 15 dilution rate, and CO2 concentration in the gas flow were experimentally controlled (Table  16 S1). Growth parameters of the phytoplankton were estimated by fitting the time courses 17 predicted by the model to the time courses of the variables measured during the experiments. 18
These measured variables included population size (X), cellular carbon and nitrogen content 19 (QC and QN), light transmission (IOUT), DIC concentrations, alkalinity and pH. In the 20 experiments with Microcystis HUB5-2-4, the specific light attenuation coefficient (k) was 21 found to increase linearly with the cellular nitrogen content QN (Table S3 and Table S3 .
Dynamics under carbon, nitrogen and light limitation 3
We first studied growth of Microcystis CYA140 under carbon-, nitrogen-and light-limited 4
conditions. This showed that the changes in population density, light penetration, carbon and 5 nitrogen availability, pH and C:N stoichiometry were specific for each limitation (Fig. 2) . 6
Population densities increased and reached steady state within 15-30 days (Fig. 2a-c) . The 7 steady-state population density was lowest in the nitrogen-limited and highest in the light-8 limited chemostat (Fig. 2b,c) . Dense phytoplankton populations absorbed more light. Hence, 9 light intensity transmitted through the water column (IOUT) was highest in the nitrogen-limited 10 and lowest in the light-limited chemostat (Fig. 2b,c) . 11
Assimilation of CO2 by the growing phytoplankton populations decreased the 12 dissolved CO2 concentration and increased pH (Fig. 2d-f) . Under carbon-limited conditions, 13 the dissolved CO2 concentration was depleted by 98% to < 0.2 mol L -1 and the pH increased 14 to 10 (Fig. 2d) . In contrast, the dissolved CO2 concentration was reduced by only 30-40% to 15 ~10mol L -1 while the pH increased by only 0.5 units under nitrogen-and light-limited 16 conditions (Fig. 2e,f) . 17
The growing phytoplankton populations consumed nitrate (Fig. 2g-i) . Under carbon-18 and light-limited conditions, the residual nitrate concentration remained high (Fig. 2g,i) , 19 whereas under nitrogen-limited conditions the nitrate concentration was depleted to ~5 mol 20 L -1 at steady state (Fig. 2h) . 21 The availability of nitrogen, carbon and light strongly affected the phytoplankton C:N 22 stoichiometry, which decreased to 5.7 ± 0.2 under carbon-limited and 4.9 ± 0.1 under light-23 limited conditions (Fig. 2g,i) . In contrast, their molar C:N ratio increased to 10.9 ± 0.6 under 24 nitrogen-limited conditions (Fig. 2h) .
The model not only predicted the steady-state conditions, but also adequately 1 captured the transient dynamics under these wide-ranging growth conditions (compare 2 symbols and lines in Fig. 2) . 3 4 Steady-state patterns along a pCO2 gradient 5
We studied steady-state patterns in twelve chemostats with Microcystis HUB5-2-4, supplied 6 with a range of pCO2 levels in the gas flow at either a low or high nitrate concentration in the 7 mineral medium (Fig. 3) . The steady-state population density increased with rising pCO2 8 levels. At low nitrogen loads, the population density leveled off at pCO2 > 100 ppm, while at 9 high nitrogen loads the population density increased further and became twice as high at 10 pCO2 > 300 ppm (Fig. 3a) . Due to the increasing phytoplankton population, light penetration 11
IOUT decreased with rising pCO2 (Fig. 3b) . At low nitrogen loads, IOUT remained fairly high at 12 ~17 mol photons m -2 s -1 for pCO2 > 100 ppm, while at high nitrogen loads IOUT was reduced 13 to only 3 mol photons m -2 s -1 . 14 At low pCO2, phytoplankton photosynthesis depleted the dissolved CO2 concentration 15 to 0.1 mol L -1 and raised pH to 10 (Fig. 3c,d ). The control that phytoplankton exerted on the 16 dissolved CO2 concentration and pH decreased at a threshold of pCO2 > 100 ppm. Beyond 17 this threshold, the dissolved CO2 concentration increased while the pH decreased with rising 18 pCO2. Interestingly, the nitrogen load had only marginal effects on the response of dissolved 19 CO2 and pH to rising pCO2 levels. 20
In the chemostats supplied with high nitrogen loads, the residual nitrate concentration 21 remained high and the molar C:N ratio of the phytoplankton remained low irrespective of 22 pCO2 (Fig. 3e,f) . In contrast, in chemostats supplied with low nitrogen loads, the residual 23 nitrate concentration and C:N stoichiometry depended on pCO2. Residual nitrate was 24 depleted to 10 mol L -1 at pCO2 > 100 ppm, while the C:N ratio increased from ~6 at pCO2 < 1 50 ppm to almost 14 at pCO2 > 100 ppm. 2
The model described the steady-state data well (Fig. 3) . It predicts that phytoplankton 3 growth switched from carbon to nitrogen limitation at a pCO2 of 80-100 ppm in the 4 experiments supplied with low nitrogen, while it switched from carbon to light limitation at a 5 pCO2 of 100-300 ppm in the experiments with high nitrogen loads. 6 7
Model predictions at different pCO2 levels and nitrogen loads 8
We used the model to predict steady-state patterns along a wider range of pCO2 levels and 9 nitrogen loads. Steady-state phytoplankton population density increased with rising pCO2 10 levels and nitrogen load (Fig. 4a) . Absorption of light by the increasing phytoplankton 11 population decreased light penetration (Fig. 4b) . At high pCO2 levels and nitrogen loads (i.e., 12 pCO2 > 400 ppm and [DIN]IN > 1.5 mmol L -1 ), the increase in population density and 13 decrease in light penetration leveled off, and phytoplankton growth became limited by the 14 low availability of light. 15
At low pCO2 levels but high nitrogen loads, phytoplankton growth depleted dissolved 16 CO2 concentrations and raised the pH to high levels (Fig. 4c,d ). Under these conditions, 17 phytoplankton growth was limited by the availability of inorganic carbon. At high pCO2 18 levels but low nitrogen loads, phytoplankton growth depleted dissolved nitrate concentrations 19 (Fig. 4e) , while the carbon:nutrient ratio of the phytoplankton was high (C:N > 13; Fig. 4f) . 20 Under these conditions, phytoplankton growth was limited by nitrogen availability. 21
One of the major achievements of our study is the incorporation of inorganic carbon 1 chemistry into a stoichiometrically explicit model. The experimental results show that the 2 model successfully predicted the population dynamics, nutrient and light availability, carbon 3 chemistry, pH and elemental stoichiometry during phytoplankton growth (Figs. 2-4) . 4 Moreover, the model predictions and experimental results are in good agreement with the 5 hypotheses put forward in Fig. 1 . More specifically, in the experiments at high nitrogen loads, 6 rising pCO2 levels shifted phytoplankton growth from carbon-limited to light-limited 7
conditions. This resulted in a strong increase of phytoplankton biomass (Hypothesis 1a; 8 Fig.1b and Fig. 3a) , while the carbon:nitrogen ratio of the phytoplankton remained low 9 (Hypothesis 2b; Fig. 1c and Fig. 3f) . Conversely, at low nitrogen loads, rising pCO2 shifted 10 phytoplankton growth from carbon-limited to nitrogen-limited conditions. This increased 11 phytoplankton biomass to only a minor extent (Hypothesis 1b; Fig. 1b and Fig. 3a) , but 12 strongly increased the carbon:nitrogen ratio of the phytoplankton (Hypothesis 2a; Fig. 1c and 13 Of course, the hypotheses presented in Figure 1 are an abstract presentation of how 19 rising pCO2 levels may affect phytoplankton biomass and stoichiometry, emphasizing the 20 contrast between oligotrophic and eutrophic ecosystems. In reality, and also in our 21 experiments (see Fig. 4 ), there is a gradual transition between the different resource limitation 22 patterns. Such gradual transitions are often due to co-limitation, i.e., to interactive effects of 23 the limiting resources. For instance, in our model, light energy is required for the assimilation 24 of carbon and nitrogen, whereas nitrogen molecules are needed to develop the photosyntheticmachinery harvesting the available light energy. Hence, at intermediate nutrient loads both 1 the biomass and carbon:nutrient ratios of phytoplankton can increase in response to an 2 increase in pCO2. Indeed, when the green alga Scenedesmus acutus was grown at P 3 concentrations corresponding to meso-to eutrophic conditions, elevated pCO2 levels 4 stimulated algal growth and reduced algal P:C ratios (Urabe et al. 2003) . Mesotrophic 5 systems may therefore be particularly sensitive to rising pCO2 levels, because they can suffer 6 from the dual effects of both bloom intensification and changes in phytoplankton 7 stoichiometry. 8
Our results provide "proof of principle", based on a combination of theory and 9 experiments. However, like all models, our model is based on a series of simplifying 10 assumptions that ignore many of the intriguing complexities of the natural world. that the critical nitrogen loads or pCO2 levels at which we measured a transition from, say, 21
carbon-limited to nutrient-limited conditions cannot be directly applied to lakes and 22 reservoirs. For instance, light supply and CO2 influx are expressed per unit surface area 23 whereas nutrient depletion occurs per unit volume. Hence, the critical nutrient loads and 24 pCO2 levels will have different values for systems with dimensions that differ from ourchemostat vessels. Furthermore, we used relatively low and constant light levels, did not 1 investigate temperature effects, and ignored the potential impacts of grazing by herbivores. 2 Implementation of our model in more extensive ecosystem studies will require proper 3 dimensionalization and incorporation of additional processes relevant for these ecosystems. 4
Despite these caveats, extrapolation of our results to natural ecosystems indicates that 5 rising pCO2 concentrations will intensify phytoplankton blooms in eutrophic and 6 hypertrophic waters. This may further enhance the productivity of these waters, but is also 7 likely to aggravate the problems associated with phytoplankton blooms, such as deterioration The model predictions are based on parameter estimates obtained from our experiments with 9
